Abstract. PACS. 61.25.Hq Macromolecular and polymer solutions; polymer melts; swelling -61.30.-v Liquid crystals -61.46.+w Nanoscale materials: clusters, nanoparticles, nanotubes, and nanocrystals
The micellar aggregates, lyotropic phases, and solid mesophases of block copolymers are among the best examined supramolecular systems [1] [2] [3] [4] . This is due to the fact that the simple synthetical encoding of a primary sequence of monomer units along the polymer chain gives control over the shape and size of the resulting superstructure, i.e., a read-in chemical information can be securely transferred into a physical superstructure on the nanoscale. Here, the relative composition of the block segments determines the geometry and curvature of the supramolecular entity, whereas the absolute length of the structure determines its overall size. The resulting superstructure can thus be predicted from the length of block segments and simple geometric considerations [3] .
In nature, the formation of sophisticated superstructures by e.g. peptide folding is not only controlled by the sequence of monomer units (= primary or α-structure) but also by specific monomer-monomer interaction motives (= secondary or β-structure). The majority of synthetic chemists are focusing on trying to control the primary structure or functionality of polymers, but so far a production of copolymers on a larger scale with the quality of biomacromolecules has not been achieved. Secondarystructure effects, however, are rather neglected although it is known that, for instance, polyamides or polyurethanes with the most simple primary structure gain their superb properties from a β-sheet secondary structure. Hence, it is the combination of both structure elements in a biomimetic approach which promises to generate new polymer superstructures with interesting new materials properties.
Eisenbach et al. [5] were the first who transferred sequential chain build-up and protecting group chemistry to synthetic polymer chemistry. By this they created monodisperse polyurethane block copolymers with a wella e-mail: schlaad@mpikg-golm.mpg.de defined β-structure which exhibited new structural and folding motives. These studies highlight the great potential of the rational design and employment of β-structure motives in the field of synthetic polymers. From feasibility considerations, it is favorable to use peptide moieties because so much is already known from their natural folding patterns and motives, and synthetic peptide chemistry is well developed and partly automatized. Also, the processing and employment of polymers should not be restricted to aqueous environments and applications close to room temperature (as all biological polymers are), and one might want to create fibers and films by melt extrusion or use such parts far from biological conditions. This is where synthetic polymers, in spite of their simplicity, have their merits.
A potential way of combining all those advantages of synthetic block copolymers and peptide β-structures lies in the creation of "molecular chimeras" or "hybrids", that are block copolymers with synthetic segments and amino acid sequences. These chimeras might inherit advantageous properties of both sides, namely the solubility, melt processability, or rubber elasticity of the synthetic block, and the structure formation, mutual recognition, high mechanical performance, or biodegradability from the peptide block. As block copolymers, they carry in addition the promise to stabilize the interface between synthetic polymer systems and biosystems, thus making both sides compatible to each other.
The scope of the present contribution is to review previous work on this promising subfield of block copolymer research. Some emphasis will be given on synthetic procedures toward such structures and the physical characterization of their ability to self-organize in solution and solid state. Due to the widespread potential of those chimeras in biological systems and as drug carriers, the number of applications is currently "exploding", and just some short introductory remarks for those fields shall be given.
The European Physical Journal E Fig. 1 . Preparation of block copolymers with a synthetic and a polypeptide block by ring-opening polymerization of NCAs.
Synthesis and characterization
The most frequently used route toward copolymers with synthetic and polypeptide block segments is the ring-opening polymerization of protected amino acid-N-carboxyanhydrides (NCA) initiated by an aminofunctional polymer (see Fig. 1 ). Up to the present, a large number of chemically and topologically different block copolymers have been prepared -recent reviews are given in references [6] and [7] . In most cases, the polypeptide block is composed of a γ-benzyl L-glutamate, β-benzyl L-aspartate, or N ε -benzyloxycarbonyl L-lysine, which is among others reasons due to the fact that the polymerizations of these NCAs are the best controlled of all [8] . The chemical nature of the synthetic block segment, on the other hand, has been varied to a much greater extent. Typical examples of hydrophobic polymers are polystyrene [9] [10] [11] [12] [13] [14] [15] [16] , polybutadiene [9, 17, 18] , polyisoprene [19, 20] , poly(methyl methacrylate) [10, 12, 21] , poly(propylene oxide) [22] , poly(dimethylsiloxane) [23, 24] , and poly(2-phenyl oxazoline) [25] ; water-soluble polymers include poly(ethylene oxide) [26] [27] [28] , poly(vinylalcohol) [29] , and poly(2-methyl oxazoline) [25] .
Apart from a few samples that were prepared by a free radical process (polystyrene and poly(methyl methacrylate) [12, 21] ), the majority of macroinitiators were synthesized by anionic or other living/controlled polymerization techniques. Primary amino-endfunctional polymers were used to synthesize linear diblock copolymers [9, 11, 12, 17, 21, [23] [24] [25] [26] 29] , and α,ω-bifunctional polymers afforded linear triblock copolymers with a central synthetic block and two outer polypeptide blocks [13, [18] [19] [20] [21] [22] 27] . Polyfunctional macroinitiators were used to synthesize starand comb-shaped polypeptide block copolymers [10, 15, 16, 24] . Also, the inverse of this standard synthetic route has been employed, i.e., azo-containing [30] or haloacetylated polypeptides [31] served to initiate the radical polymerization of styrene to yield polypeptide-polystyrene diblock copolymers.
An alternative method to prepare polypeptidecontaining diblock copolymers is the coupling of preformed polymer segments like that of a haloacylated poly(ethylene oxide) with poly(L-aspartic acid) [32] . Apart from this, a diisocyanate was used to link α,ω-dihydroxy-poly(ethylene oxide) and α,ω-diamino-poly(β-benzyl L-aspartate) to yield an alternating multiblock copolymer [33] .
Any of these methods yields block copolymers that are chemically disperse and are often contaminated with homopolymers. In order to obtain block copolymers with a narrow distribution, samples had to be submitted to extensive fractionation. For the characterization of copolymers with respect to their chemical composition, various spectroscopic methods (NMR, IR, and UV) and elemental analysis were employed. Osmometry [12] , light scattering [21] , and analytical ultracentrifugation [19] were used to determine absolute molecular weight averages. Standard size exclusion chromatography (SEC) was usually applied to estimate the molecular weight distributions of copolymers [25] .
The synthetic segments are in most cases very well defined (polydispersity index, PDI < 1.1), not so the polypeptide blocks. It was reported that, for example, poly(γ-benzyl L-glutamate)s, which were prepared by the primary amine-initiated NCA polymerization, exhibit a very broad molecular weight distribution with a PDI ≈ 7 (after fractionation: PDI = 1.4) [34] . This is mainly due to the facts that the mechanism of NCA polymerization is rather complex and that the monomer can undergo a number of side reactions [8] . However, with the recently introduced organo nickel-based initiating system bipyNi(COD) and other transition metal complexes [35, 36] , the NCA polymerization is much better controlled and produces well-defined polypeptides with a PDI < 1.2.
Other methods to prepare polypeptides and proteins that are gaining more and more attraction are solid-state synthesis and protein engineering -these topics have very recently been reviewed elsewhere [37, 38] . In contrast to the polypeptides produced by copolymerization of NCAs, these materials can have a precisely defined α-structure and are monodisperse. Chimerical block copolymers are obtained by coupling the polypeptides to a synthetic polymer via epoxide or urethane chemistry.
